ABSTRACT
INTRODUCTION AND BACKGROUND
As described in and Smith et al. (2011 Smith et al. ( , 2013 , the primary mode of lateral displacement into the nonlinear range of hybrid precast concrete shear walls occurs through gap opening at the horizontal joint between the base panel and the foundation, allowing the wall to undergo large lateral displacements with little damage. The combination of PT steel and mild steel reinforcement for lateral resistance across this gap-opening joint creates a primary lateral-load resisting system with unique hysteretic characteristics unlike conventional monolithic cast-in-place reinforced concrete structures. Upon unloading, the PT steel provides a restoring force to close the gap at the base, thus reducing the residual (i.e., permanent) lateral displacements of the wall after a large earthquake. The use of unbonded tendons delays the yielding of the PT strands and reduces the tensile stresses transferred to the concrete (thus reducing cracking) as the tendons elongate under lateral loading. The mild steel bars across the base joint are designed to yield in tension and compression, providing energy dissipation through the gap opening/closing behavior under reversed-cyclic lateral loading. A pre-determined length of these energy dissipating (E.D.) bars is unbonded at the bottom of the wall (by wrapping the bars with plastic sleeves) to reduce the steel strains and prevent lowcycle fatigue fracture.
The primary objective of this research project was to support the validation of hybrid precast concrete wall structures with practical construction details as "special" reinforced concrete shear walls through an integrated experimental and analytical study. The experimental program featured six 40%-scale test specimens that were designed to satisfy the guidelines and requirements of ACI ITG-5.2 (2009), ACI 318 (2011), and ASCE 7 (2010). As part of the performance validation criteria, ACI ITG-5.1 (2007) requires that the test specimens be subjected to an increasing reversed-cyclic lateral displacement history with three cycles at each displacement increment up to a validation-level wall drift equal to or greater than:
0.8% + 0.5% ≤ 3.0% (1) where, ! is the height to the top of the wall, ! is the length of the wall, and the wall drift, Δ ! , is defined as the lateral displacement at the top of the wall divided by the wall height. For all of the test specimens in this research project, the validation-level drift was calculated as Δ !" =2.30% and the walls were designed for a maximum-level drift, Δ !" , equal to the validation-level drift, Δ !" (Smith et al. 2011 . As discussed in Smith et al. ( , 2013 , the experimental results demonstrated that properly designed and detailed hybrid walls (including walls with panel perforations) can satisfy all requirements for special reinforced concrete shear walls in high seismic regions with improved performance as compared to conventional monolithic cast-in-place reinforced concrete shear walls with similar geometry.
In conjunction with the experimental program, a fiber element analytical model was developed and validated to accurately predict the behavior of hybrid precast concrete shear walls under reversed-cyclic loading (Smith et al. 2011 (Smith et al. , 2013 . Using this model, this paper presents the results from a series of nonlinear dynamic time-history analyses of a full-scale prototype hybrid wall structure under an exhaustive ensemble of selected ground motion records. These dynamic analysis results provide a critical link between the prescribed lateral displacements that were used in the design and validation testing of the wall specimens per ACI ITG-5.1 and the expected seismic demands from earthquake loading, specifically developing a better understanding of the dynamic drift demands in comparison with the prescribed demands from ACI ITG-5.1.
PROTOTYPE BUILDING AND PROTOTYPE WALL
The properties of the prototype wall were determined based on a full-scale prototype structure designed for a site in Los Angeles, California, following the basic guidelines in ACI ITG-5.2 (2009), ACI 318 (2011), and ASCE 7 (2010). As shown in Fig. 1(a) , the prototype building selected in collaboration with the Consulting Engineers Group (CEG), Texas is a four-story regularly shaped precast concrete parking garage with an approximate footprint area of 3,770-m 2 (40,600-ft 2 ). The lateral load resistance of the building in the north-south direction is provided by seven hybrid precast concrete shear walls. Each wall is comprised of four precast concrete wall panels over the four-story structure height (i.e., one wall panel for each story). From the prototype building plan, the hybrid walls located at the exterior of the building were selected as the prototype wall [see Fig. 1 (b)] since these walls had the largest lateral force demand (due to accidental torsion) while also having a significant tributary gravity load (due to the off-center placement of the adjacent gravity column). The properties of the wall test specimens in the experimental program (Smith et al. 2011 ) were determined at 40%-scale from the prototype wall, except for the wall thickness which was determined at 42%-scale due to construction tolerances [resulting in a specimen thickness of 16-cm (6.25-in.)]. One of these walls, referred to as Specimen HW3, was used as the basis of the nonlinear dynamic time-history analyses described in this paper. 
FIBER ELEMENT ANALYTICAL MODEL
The goal of the fiber element analytical model is to accurately reproduce the hysteretic behavior of hybrid precast concrete walls, including gap opening/closing at the horizontal joints, energy dissipation provided by the E.D. steel bars, and restoring effects of the PT force. As described in Smith et al. (2011 , the model uses a modified version of the DRAIN-2DX Program (Prakash et al. 1993 ) as the analysis platform, with fiber beamcolumn elements to represent the precast wall panels and truss elements for the unbonded PT steel. The unbonded portions of the E.D. bars crossing the base joint are also modeled using truss elements outside the fiber cross-sections (to capture the uniform distribution of strains over the unbonded length), but the mild steel bars across the upper panel-to-panel joints are modeled as part of the fiber elements since no significant gap opening is expected at these joints as required by design. Gap opening along the base joint is modeled by setting the tension strength of the concrete fibers at the bottom of the base panel to zero.
Using this modeling philosophy, a fiber element model of the full-scale four-story prototype hybrid wall in Fig. 1 (b) was developed. As shown in Fig.  2 , the model featured four wall panels and the horizontal joints between them. Note that this is different from the test specimens, which featured only two wall panels (the 2 nd through 4 th story panels of the prototype wall were represented using a single wall panel in the test specimens) since the structure was designed to have no significant gap opening or other nonlinear behavior between these upper panels. The wall thickness in the full-scale analytical model was taken the same as the 38-cm (15-in.) thickness of the prototype wall; however, the reinforcement properties of the analytical model were determined by scaling the actual as-tested properties of Specimen HW3 back to full-scale (i.e., 100%-scale) to allow for the validation of the analytical model based on the measured behavior of Specimen HW3. As a result, some of the PT and E.D. steel areas and locations used in the full-scale analytical model differed slightly from practical steel reinforcement sizes and locations. The stress-strain behaviors of the E.D. and PT steel were modeled using idealized multi-linear approximations of the measured stress-strain behaviors from Specimen HW3. As described in Smith et al. (2011 , small modifications were made to the stiffness of the PT steel to account for the localized concrete deformations around the tendon anchorages, since these local deformations were not included in the measured PT steel stressstrain behavior and could not be explicitly captured by the analytical model. , the small amount of over-estimation of the energy dissipation during the larger drift cycles is expected to have an insignificant effect (approximately 5% under-prediction) on the wall drift demands from the dynamic analyses. Note that as described in , the analytical over-estimation of the energy dissipation was more significant for the perforated test specimens, since these walls experienced increased nonlinear shear deformations of the wall panels around the perforations. Thus, the dynamic analysis results may provide a more considerable under-prediction of the seismic demands for walls with panel perforations.
The dynamic analyses of the full-scale structure were conducted assuming gravity loads equal to 1.0 times the service dead load (including wall self weight) plus 0.25 times the unreduced service live load over the tributary area assigned to the wall based on the building plan layout in Fig. 1(a) . The total tributary gravity load at each floor or roof level was lumped at the wall panel fiber element node at that level (i.e., Nodes A, C, E, and G in Fig.  2 ). The seismic masses assigned to the wall were also lumped at these nodes. Assuming rigid floor and roof diaphragms, the total seismic mass for the building was divided equally between the seven shear walls providing the lateral load resistance in the N-S direction. The resulting linear elastic periods from a modal analysis of the structure were 0.39-s and 0.08-s, respectively, in the first two modes of vibration. A viscous damping ratio of 3% (based on Kurama 2002 ) was assigned to these modes using mass and stiffness proportional Rayleigh damping. The dynamic analyses were conducted with a time step of 0.01-s. Previous studies of similar walls have shown that the differences between dynamic analysis results using a time step of 0.001-s and 0.01-s are not significant (Kurama et al. 1997 ). Thus, the time step of 0.01-s was deemed adequate to capture the dynamic characteristics of the wall. 
GROUND MOTIONS
A set of thirty-nine ground motion records (Table 1) , representative of maximum considered earthquakes (MCE) in high seismic regions, were used in the dynamic analyses of the fullscale prototype wall. These records are near-fault strong ground motions recorded within 20-km (12.4-miles) of the causative fault in shallow-crustal tectonic environments. As discussed in O'Donnell et al. (2012), the selection of the ground motions was based on a set of criteria and identification algorithms to distinguish earthquake records based on their characteristic attributes associated with source, directivity, site, and/or basin effects (e.g., cyclic versus impulsive records; records with high, mid, or low frequency content; short or long duration records). Two suites of the thirty-nine ground motions were utilized in the study: (1) the unscaled, asrecorded, suite; and (2) a scaled suite set to a constant maximum incremental velocity (MIV). 
ANALYTICAL RESULTS: UNSCALED GROUND MOTIONS
As an example of the seismic response of the full-scale prototype wall, Fig. 5 shows the roof drift and total roof acceleration (i.e., relative acceleration of the roof with respect to the Table 1 , this record has the largest MIV [1.86-m/s (73.3-in./s)] among the thirty-nine unscaled records and also generated the largest absolute peak roof drift demand (Δ ! =2.01%) from the suite.
The absolute peak roof drift demands from the dynamic analyses under the thirty-nine unscaled ground motion records are shown in Fig. 6(a) . The results are presented as a function of MIV since a strong linear correlation exists between the peak roof drift of the wall and the MIV of the ground motion. The median peak roof drift from the suite was equal to 0.40% and the largest drift (Δ ! =2.01% for the record TAK090) was smaller than the ACI ITG-5.1 (2007) validation-level drift for the prototype wall (Δ !" =2.30%). While the analytical model may have resulted in a small under-estimation of the drift demands due to the over-estimation of the energy dissipation during the larger drift cycles of the wall [see Fig. 3(b) ], the results in Fig. 6(a) still provide a strong justification for the validation-level drift used in the design and experimental investigation of the structure. As shown in Fig. 6(b) , a linear trend also exists between the absolute peak total roof acceleration of the wall and the PGA of the ground motion record from the thirty-nine dynamic analyses. returns to a static rest after the conclusion of each dynamic analysis. It can be seen that the residual roof drifts of the wall were very small (the largest residual drift was Δ ! =0.06% for record TAZ090). This behavior was expected since the wall was designed with a large selfcentering capability provided by the restoring effect of the PT force (and the gravity axial force). The dynamic analysis results in Fig. 7 confirmed this essential characteristic of the hybrid precast shear wall system.
The maximum dynamic base shear forces from the analyses under the thirty-nine unscaled ground motion records are shown in Fig. 8 . As expected, there is a linear trend between the analytical dynamic shear forces and the PGA of the ground motion records. For comparison, predicted dynamic base shear forces are also provided in Fig. 8 , determined using a theoretical approach (Aoyama 1987 ) with a response modification factor for the second mode of 2.5 (as opposed to the typical value of 1.7) and for higher modes of 1.0. The theoretical predictions provide a reasonable estimate for the dynamic shear forces, slightly overpredicting the forces at relatively small PGAs (less than 0.5g) and slightly underpredicting the forces at relatively large PGAs (greater than 0.5g). As expected, the dynamic shear forces are much larger than the maximum static base shear force [determined at the validation-level drift (Δ !" =2.30%) using a performance-based design methodology (Smith and Kurama 2012)] due to higher mode effects in the wall under dynamic loading.
ANALYTICAL RESULTS: SCALED GROUND MOTIONS
As an example of the response of the prototype wall under the scaled ground motion suite, Fig. 9 shows the roof drift and total roof acceleration time histories from the analysis of the structure under record 1059-N (from the Duzce, Turkey earthquake) scaled to a MIV of 1.86-m/s (73.3-in./s). This scaled ground motion generated the largest absolute peak roof drift demand (Δ ! =2.93%) among the thirty-nine scaled records. Fig. 10(a) shows the absolute peak roof drift demands from the thirty-nine scaled ground motion records. The peak roof drift for sixteen of the records exceeded the validation-level =2.30%. However, the median peak roof drift from the entire suite was 2.20%, which is still slightly smaller than Δ !" even for this very strong set of records within the possible range of maximum considered ground motion records that may be expected in high seismic regions of the United States. These results provide further support for the design and experimental investigation of the structures in this research program. As shown in Fig. 10(b) , the absolute peak total roof accelerations under the scaled ground motion records were very large, which was expected since the scaling of the records resulted in very large PGA values (see Table 1 ). Fig. 11 shows the absolute residual roof drift of the wall from the analyses under the scaled ground motion suite. Similar to the results from the unscaled records, the residual roof drifts of the wall under the scaled records were very small (typically less than Δ ! =0.05%). The largest absolute residual roof drift was 0.14% for the scaled record TAZ090 (from the Kobe, Japan earthquake). While this is more than twice the largest residual drift from the unscaled ground motion suite (Δ ! =0.06% for the unscaled record TAZ090 as shown in Fig. 7) , it represents only 5.6% of the peak roof drift (Δ ! =2.44% for scaled record TAZ090) reached during the dynamic time-history analysis.
The maximum dynamic base shear forces from the analyses under the thirty-nine scaled ground motion records are shown in Fig. 12 . Similar to the results from the unscaled records, a linear trend exists between the analytical dynamic shear forces and the PGA of the ground motion records. The theoretical predictions typically underpredict the dynamic shears forces from the analyses under the scaled ground motion records, which was expected based on the analytical and theoretical prediction comparisons from the unscaled ground motions records. This discrepancy may be related to the increased contribution of higher mode effects in hybrid wall under intensified dynamic loading. 
SUMMARY AND CONCLUSIONS
This paper presents the results from the nonlinear dynamic time-history analyses of a fourstory prototype hybrid precast concrete shear wall structure under an exhaustive ensemble of selected ground motion records. The fiber element model used in the dynamic analyses was validated based on the measured behavior of six 40%-scale hybrid wall specimens (four solid and two perforated walls) subjected to reversed-cyclic lateral loading ). The dynamic analysis results provide a critical link between the prescribed lateral displacements that were used in the design and validation testing of the wall specimens per ACI ITG-5.1 (2007) and the expected seismic demands from earthquake loading, specifically developing a better understanding of the dynamic drift demands in comparison with the prescribed demands from ACI ITG-5.1. Ultimately, these analytical results, in combination with the previous experimental evidence, support the ACI 318 code approval of hybrid precast wall structures as special reinforced concrete shear walls for moderate and high seismic regions of the United States. The following summary and conclusions can be made based on the analytical study: § Comparisons with the experimental results demonstrated that the fiber element analytical model can capture the nonlinear hysteretic response characteristics of hybrid precast concrete shear walls reasonably well. The energy dissipation predicted by the model was similar to the measured behavior during small to moderate wall drift levels. However, the model slightly over-estimated the energy dissipation during larger displacements due to the inability of the analyses to include the nonlinear shear behavior of the walls and discrepancies in the modeling of the Bauschinger effect during the unloading of the E.D. bars. § The nonlinear dynamic time-history analyses demonstrated the expected behavior of hybrid precast concrete shear walls under earthquake loading. The largest peak roof drift demand for the prototype wall subjected to a suite of thirty-nine unscaled ground motions representative of maximum considered earthquakes (MCE) in high seismic regions was Δ ! =2.01%, which is smaller than the ACI ITG-5.1 validation-level drift for the structure (Δ !" =2.30%). This provides a strong justification for the prescribed validation-level drift that was used in the design and experimental investigation of the walls in this project. § The median peak roof drift demand from the analyses of the prototype wall under the thirty-nine MCE-level ground motion records scaled to the largest maximum incremental velocity (MIV) of the records in the suite was Δ ! =2.20%, which is also smaller than the prescribed validation-level drift and provides further support for the design and experimental investigation of the structure. These MIV-scaled ground motions are considered to be representative of very strong records within the possible range of maximum considered ground motion records that may be expected in high seismic regions of the United States. § The residual roof drift at the conclusion of each nonlinear dynamic analysis and after the wall had been returned to a static rest was typically very small, demonstrating the large self-centering capability of the hybrid precast concrete shear wall system when subjected to strong ground motion.
